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Molecular electrostatic potentialNew Monensin A acid complexes with water molecule, sodium chloride and sodium perchlorate were
obtained and studied by X-ray and 1H, 13C NMR and FT-IR methods as well as ab initio calculations. The crys-
tal structure of the complexes indicates the complexation of the water molecule and Na+ cation in the
pseudo-cycle conformation of the Monensin acid molecule stabilised by intramolecular hydrogen bonds. Im-
portant for stabilisation of this structure is also the intermolecular hydrogen bonds with water molecule or
the coordination bonds with Na+ cation. It is demonstrated that the counterions forming intermolecular hy-
drogen bonds with OH groups inﬂuence the strength of the intramolecular hydrogen bonds, but they have no
inﬂuence on the formation of pseudo-cyclic structure. Spectroscopic studies of the complexes in dic-
hloromethane solution have shown that the pseudo-cyclic structure of the compounds is conserved. As fol-
lows from the ab initio calculations, the interactions between the Na+ cation and the electronegative
oxygen atoms of Monensin acid totally change the molecular electrostatic potential around the supramolecular
Monensin acid–Na+ cationic complex relative to that of the neutral Monensin acid molecule.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Natural carboxylic polyether ionophores such as Monensin,
Salinomycin, Lasalocid have been objects of great interest because of
their biological activity such as antibacterial, antifungal, antiparasitic,
antiviral and cancer cell cytotoxicity [1–6]. Polyether skeletons of the
pseudo-cyclic structure of carboxylic ionophores are able to form
complexes with metal cations and facilitate their transport across
cellular membranes [7,8].
Monensin A (Scheme 1) is one of the most studied natural iono-
phores and it is currently the most widely used in veterinary medi-
cine as a coccidiostatic and non-hormonal growth-promoting agent
[3,9,10]. The Monensin properties arise from its high ability to form
complexes with sodium cations and its capacity to transport the com-
plexed cation across cell membranes disturbing the natural Na+/K+
concentration gradient and leading to death of the cells of Gram-
positive bacteria [10–12].
The widely accepted mechanism of the matal cation transport
by Monensin is attributed to its ability to exchange protons and
cations in electroneutral process (Scheme 2) [10,13–19]. Previous
studies have shown that the Monensin anion (Mon−) forms stable
complexes with monovalent metal cations (Mon−M+) [20–22].
Structures of Monensin salt complexes with several monovalent
cations such as Li+, Na+, K+, Rb+ and Ag+ have been determinedl rights reserved.by X-ray crystallography [23–29] and NMR spectroscopy [30,31]
demonstrating that the coordination of the cations was always ac-
companied with a pseudo-cyclic structure stabilised by the “head-
to-tail” intramolecular hydrogen bonds between the carboxylate
anion and two hydroxyl groups. In the electroneutral transport of
cations, the Monensin anion binds sodium cation or proton to
give neutral salt (Mon−M+) or neutral Monensin acid (MonH)
molecules, respectively, and only uncharged molecules containing
either the metal cation or proton can move through the cell mem-
brane (Scheme 2). The electroneutral transport with the participa-
tion of Monensin is clearly understood because the molecular
structures of its salt complexes have been studied in detail
[23–31].
Nakazato et al. have proposed another mechanism of the cation
transport by Monensin [32]. They measured directly the ﬂuxes of
Na+ and H+ using Monensin containing liposomes and concluded
that Na+ is transported in the form of a 1:1 complex between
monensic acid (MonH) and Na+ cation. This proposition is much dif-
ferent from the widely accepted electroneutral transport mechanism
(Scheme 2).
It has also been proved that if the process of cation complexation
occurs in a neutral or acidic solution, the complex is formed with
the Monensin acid molecule (MonH+M+) instead of the Monensin
anion [22, 33–34]. The lack of detailed structural investigation of
such complexes has prompted a hypothesis saying that the Monensin
transport is electroneutral with smaller electrogenic component than
that in the electrogenic transport of the sodium cation dimers of
Monensin acid form of the complex [13].
Scheme 1. The formula and atom numbering of MonH.
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chargedMonH+M+ complexes because it is clear that analysis of the
structures of such complexes is indispensable for understanding of
the mechanism of electrogenic transport (Scheme 3).
In this paper the molecular structures of new complexes of
Monensin acid with water molecule, sodium chloride and sodium
perchlorate are compared in the solid and in a dichloromethane solu-
tion using X-ray diffraction of single crystals, 1H and 13C NMR and FT-
IR methods as well as DFT calculations. For the ﬁrst time the inﬂuence
of counterions on the molecular structure is discussed in detail.
2. Experimental
Monensin A sodium salt was purchased from Sigma (90–95%). The
salts NaCl and NaClO4 were commercial products of Sigma and wereScheme 2. The electroneutral transport of sodium cation by monensin. Metal cation,
especially sodium cation, is incorporated into the polyether skeletons of the pseudo-
cyclic structure of monensin, and electroneutral (Mon−+Na+) complexes diffuse to
another interface, where deprotonated monensin anion Mon− binds with H+ to re-
lease Na+. The neutral protonated Monensin acid MonH, generated returns to the in-
terface facing a more acidic solution. The cycle is completed within the membrane,
which results in an exchange of Na+ by H+ (Na/H antiporter). It is of note that
monensin's function as antiporter is electroneutral or electrically silent because the
species transferring across the membrane are electrically neutral.used without any further puriﬁcation. Because the salts were moist,
it was necessary to dehydrate them in several (6–10) evaporation
steps from a 1:5 mixture of acetonitrile and absolute ethanol. The de-
hydration of the perchlorate was monitored by recording their FT-IR
spectra in acetonitrile.
CH2Cl2 and CD2Cl2 spectral‐grade solvents were stored over 3 Å
molecular sieves for several days. All manipulations with the sub-
stances were performed in a carefully dried and CO2-free glove box.
2.1. Preparation of Monensin A acid (MonH)
Monensin A sodium salt was dissolved in dichloromethane and
stirred vigorously with a layer of aqueous sulphuric acid (pH=1.5).
The organic layer containing MonH was washed with distilled water
and dichloromethane evaporated under reduced pressure to dryness
to produce the acid. MonH was dissolved in hot acetonitrile and
left to crystallise for a week. Elemental analysis: calculated for:
C36H62O11·H2O: C, 62.77% and H, 9.36%. Found: C, 62.61% and H, 9.45%.Scheme 3. Proposed scheme for sodium cation transport mediated by monensin. The
lower cycle represents the well-known electroneutral Na/H antiporter, and the upper
cycle, the new electrogenic cycle in accordance with the structural ﬁndings (X-ray
and spectroscopic investigations) in the present paper.
Table 1
Crystallographic data of MonH–H2O, MonH–NaClO4 and MonH–NaCl–CH3CN.
MonH–H2O MonH–NaClO4 MonH–NaCl–CH3CN
Formula C36H62O11·H2O C36H62O11·NaClO4 C36H62O11·NaCl·CH3CN
Molecular weight 688.87 793.30 770.35
Temperature 295(2) 295(2) 295(2)
Crystal system Orthorhombic Monoclinic Orthorhombic
Space group P212121 (no. 19) P21 (no. 4) P212121 (no. 19)
a (Å) 10.650(2) 12.030(2) 13.757(3)
b (Å) 15.164(3) 14.705(3) 16.028(3)
c (Å) 23.652 (5) 23.574(5) 18.643(4)
β (°) 95.01(1)
V (Å3) 3819.7(13) 4154.3(14) 4110.7(14)
Z 4 4 4
Dcalc/Dexp [g cm−1] 1.198/1.19 1.268/1.26 1.245/1.24
μ (mm−1) 0.088 0.167 0.160
Crystal size (mm3) 0.28×0.26×0.16 0.37×0.26×0.19 0.33×0.27×0.22
Tmin/Tmax 0.9767/0.9878 0.9408/0.9690 0.8693/0.8963
Total/unique/Obs 51859/9805/5367 57733/20888/11631 56855/10656/5636
reﬂs (Rint) (0.0754) (0.0666) (0.0647)
R [F2>2σ(F2)]a 0.0463 0.0672 0.0478
wR [F2 all reﬂs]b 0.1165 0.1526 0.0937
S 0.998 1.004 1.005
Flack parameter −0.2(2) 0.04(7) 0.06(7)
Residual electron density, Δρmax,
Δρmin (e·Ǻ−3)
0.165, −0.167 0.277, −0.241 0.188, −0.184
a R=Σ ||Fo|–|Fc||/ΣFo.
b wR={Σ [w(Fo2−Fc2)2]/ΣwFo4}½; w−1=σ2(Fo2)+(aP)2 where P=(Fo2+2Fc2)/3. The a parameter is 0.050 forMonH–H2O, 0.0465 forMonH–NaClO4 and 0.025 forMonH–NaCl–CH3CN.
Table 2
Selected geometric parameters (Å, °) for MonH–H2O.
MonH–H2O Ab-initio MonH
C1\O2 1.202(3) 1.236
C1\O1 1.310(3) 1.357
C1\C2 1.510(4) 1.517
C7\O4 1.433(3) 1.473
C25\O9 1.426(3) 1.494
C26\O11 1.411(3) 1.477
O2\C1\O1 123.2(2) 124.9
O6\C9\O5 109.7(2) 111.0
C9\O6\C12 111.4(2) 110.3
C13\O7\C16 108.9(2) 108.4
C17\O8\C20 108.7(2) 107.9
C25\O9\C21 115.9(2) 112.8
O11\C26\C25 112.5(2) 106.6
O10\C25\C26 110.6(2) 112.5
C31\C30\C16 115.4(2) 112.9
O10\C25\O9 110.5(2) 111.4
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MonH–NaCl–CH3CN complex: MonH was dissolved in dry metha-
nol and an equimolar amount of sodium chloride dissolved in metha-
nol was added. The solvent was evaporated to dryness under vacuum
to give amorphous powder. The MonH–NaCl complex was dissolved
in hot acetonitrile and left for crystallisation. Crystals suitable for X-
ray diffraction were grown by slow evaporation from this solution
at room temperature. Elemental analysis: calculated for: C36H62O11·
NaCl⋅CH3CN: C, 59.25%, H, 8.50% and N, 1.82%. Found: C, 59.15%, H,
8.81% and N, 1.77%.
2.3. Preparation of the complex of Monensin A acid with NaClO4
MonH–NaClO4 complex: the complex between MonH and sodium
perchlorate has been synthesised using the same method as de-
scribed in Section 2.2. The MonH–NaClO4 complex was dissolved in
hot acetonitrile and left for crystallisation. The crystals suitable for
X-ray diffraction were grown by slow evaporation from this solution
at room temperature. Elemental analysis: calculated for: C36H62O11·
NaClO4: C, 54.50% and H, 7.88%. Found: C, 54.45% and H, 7.92%.
2.4. X-ray measurements of MonH–H2O, MonH–NaCl–CH3CN and
MonH–NaClO4 single crystals
Colourless single crystals of MonH–H2O, MonH–NaCl–CH3CN and
MonH–NaClO4 were used for data collection on a four-circle KUMA
KM4 diffractometer equipped with a two-dimensional CCD area detec-
tor. The graphite monochromatized MoKα radiation (λ=0.71073 Å)
and the ω-scan technique (Δω=1°) were used for data collection.
Data collection and reduction along with absorption correction were
performed using CrysAlis software package [35]. The structures were
solved by directmethods using SHELXS-97 [36] revealing positions of al-
most all non-hydrogen atoms. The remaining atoms were located from
subsequent difference Fourier syntheses. The structures were reﬁned
using SHELXL-97 [36] with the anisotropic thermal displacement pa-
rameters. The H atoms of CH, CH2 and CH3 groups were constrained:
Uiso(H)=1.5 Ueq of the C joined H and the C–H distance of 0.97 Å. Visu-
alisation of the structures was made with the Diamond 3.0 programme
[37]. Details of the data collection parameters, crystallographic data andﬁnal agreement parameters are collected in Table 1 and selected geo-
metrical parameters are listed in Tables 2 and 3, respectively.
2.5. Theoretical calculations
Ab-initiomolecular orbital calculations with full geometry optimi-
sation of Monensin A and its cation with Na+ (MonH andMonH-Na+)
were performed with the Gaussian 98 programme package [38]. All
calculations were carried out with the density functional three-
parameter hybrid (B3LYP) methods [39,40] with the 3-21G basis set
assuming the geometry resulting from the X-ray diffraction study as
the starting structure. As convergence criterions the threshold limits
of 0.00025 and 0.0012 a.u. were applied for the maximum force and
the displacement, respectively.
2.6. Spectroscopic measurements
The 1H- and 13C NMR spectra were recorded on a Bruker Avance DRX
600 spectrometer. 1H NMR measurements of MonH–H2O, MonH–NaCl–
CH3CN complex and MonH–NaClO4 complex (0.07 mol dm−3) in
CD2Cl2 were carried out at the operating frequency of 600.055 MHz; ﬂip
Table 3
Selected geometric parameters (Å, °) for MonH–NaClO4 and MonH–NaCl–CH3CN crystals.
MonH–NaClO4 MonH–NaCl–
CH3CN
Ab-initio
MonH–Na+
Mol A Mol B
C1\O2 1.195(6) 1.229(6) 1.204(4) 1.248
C1\O1 1.324(6) 1.311(6) 1.314(4) 1.353
C1\C2 1.511(7) 1.449(8) 1.519(4) 1.499
C7\O4 1.453(5) 1.404(5) 1.423(4) 1.473
C25\O9 1.420(5) 1.420(6) 1.420(4) 1.429
C26\O11 1.411(6) 1.420(5) 1.418(4) 1.454
Na\O4 2.346(4) 2.329(4) 2.332(3) 2.244
Na\O6 2.378(4) 2.331(4) 2.335(2) 2.191
Na\O7 2.464(4) 2.493(4) 2.572(2) 2.454
Na\O8 2.464(4) 2.400(4) 2.411(2) 2.342
Na\O9 2.512(4) 2.497(4) 2.408(2) 2.411
Na\O11 2.427(4) 2.396(4) 2.434(3) 2.260
O2\C1\O1 124.6(6) 119.3(6) 124.1(3) 123.1
O6\C9\O5 110.1(4) 111.4(4) 110.7(3) 110.4
C9\O6\C12 112.1(4) 111.3(4) 111.0(2) 110.9
C13\O7\C16 107.0(4) 108.2(4) 109.0(3) 108.1
C17\O8\C20 107.4(4) 106.9(4) 107.4(4) 106.8
C25\O9\C21 116.8(3) 117.7(4) 118.7(3) 118.8
O11\C26\C25 112.3(4) 113.4(4) 111.8(3) 109.4
O10\C25\C26 105.5(4) 104.8(4) 105.7(3) 106.1
C31\C30\C16 114.3(5) 115.9(7) 117.2(4) 114.1
O10\C25\O9 107.9(4) 108.3(4) 110.4(2) 110.6
O4\Na\O6 73.93(12) 76.13(12) 75.68(8) 79.0
O4\Na\O11 114.68(14) 114.83(14) 115.57(10) 102.7
O6\Na\O11 111.37(14) 107.32(15) 115.59(10) 115.7
O4\Na\O7 138.82(14) 137.55(14) 140.03(10) 148.5
O6\Na\O7 69.89(12) 69.58(13) 70.11(8) 75.1
O11\Na\O7 96.57(14) 98.99(14) 97.76(9) 104.6
O4\Na\O8 113.44(14) 107.61(16) 107.76(9) 99.4
O6\Na\O8 118.38(14) 119.44(15) 114.10(9) 113.6
O11\Na\O8 117.57(14) 122.49(15) 119.78(9) 128.7
O7\Na\O8 69.55(12) 70.63(15) 69.79(8) 75.2
O4\Na\O9 107.67(12) 106.26(13) 99.95(9) 83.9
O6\Na\O9 177.33(14) 174.58(16) 175.43(9) 162.9
O11\Na\O9 66.08(12) 67.29(13) 67.34(8) 69.3
O7\Na\O9 109.31(13) 110.20(14) 113.46(8) 120.5
O8\Na\O9 63.16(12) 64.80(13) 65.67(8) 67.9
Fig. 1. View of the molecular structure of MonH–H2O with the atom labelling. Dashed lines represent hydrogen bonds.
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Table 4
Hydrogen-bond geometry in the crystal structure of MonH–H2O, MonH–NaCl–CH3CN and MonH–NaClO4 complexes (Å, °).
Crystal D\H⋯A D\H H⋯A D⋯A D\H⋯A
MonH–H2O O1\H1O⋯O11 0.82 1.87 2.674 (3) 168
O10\H10O⋯O4 0.82 1.99 2.773 (2) 160
O11\H11O⋯O12 0.82 1.92 2.648 (3) 147
O12\H121⋯O7 0.82 (2) 2.07 (2) 2.854 (3) 159 (2)
O12\H122⋯O2 0.82 (2) 2.13 (2) 2.932 (3) 165 (2)
MonH–NaCl–CH3CN O1\H1⋯O10 0.82 (2) 1.92 (2) 2.722 (3) 164 (2)
O4\H4O⋯Cl 0.82 (2) 2.22 (2) 3.043 (2) 177 (3)
O10\H10⋯Cl 0.82 (2) 2.22 (2) 3.017 (2) 163 (3)
O11\H11⋯O2 0.82 (2) 1.90 (2) 2.711 (3) 174 (4)
MonH–NaClO4 O1\H1⋯O10 0.82 (2) 2.07 (2) 2.886 (5) 172 (2)
O4\H41⋯O21i 0.80 (2) 2.11 (2) 2.880 (5) 164 (2)
O11A\H11A⋯O2 0.82 (2) 1.95 (2) 2.747 (5) 163 (2)
O10\H10A⋯O31i 0.82 (2) 1.98 (2) 2.772 (6) 162 (2)
O1B\H1B⋯O10B 0.82 (2) 1.94 (2) 2.732 (6) 162 (2)
O4B\H4OB⋯O42 0.75 (2) 2.45 (2) 2.935 (8) 123 (3)
O4B\H4OB⋯O10B 0.75 (2) 2.53 (2) 3.101 (5) 134 (3)
O11B\H11B⋯O2B 0.82 (2) 1.87 (2) 2.688 (6) 178 (2)
O10B\H10C⋯O12 0.82 (2) 2.19 (2) 2.764 (5) 127 (1)
Symmetry code: (i)−x+1, y+1/2, −z+1.
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at=2.0 s; relaxation delay, d1=1.0 s; T=293.0 K and using TMS as the
internal standard. No window function or zero ﬁlling was used. Digital
resolution was 0.2 Hz per point. The error of the chemical shift value
was 0.01 ppm. The 13C NMR spectra were recorded at the operating fre-
quency of 150.899 MHz; pw=600; sw=19000 Hz; at=1.8 s;
d1=1.0 s; T=293.0 K and TMS as the internal standard. Line broadening
parameters were 0.5 or 1 Hz. The error of chemical shift value was
0.1 ppm. All spectra were locked to deuterium resonance of CD2Cl2. The
1H and 13C NMR signals were assigned using 2-D (COSY, HETCOR). 2-D
spectra were recorded using standard pulse sequences from Varian and
Bruker pulse-sequence libraries.
The FT-IR spectra in the mid infrared region of MonH, MonH–
NaCl–CH3CN complex and MonH–NaClO4 complex were recorded in
dichloromethane solution and as nujol/ﬂuorolube mulls. For solution
(0.07 mol dm−3) a cell with Si windows and wedge-shaped layers
was used to avoid interferences (mean layer thickness 170 μm). The
spectra were taken with an IFS 113v FT-IR spectrophotometer
(Bruker, Karlsruhe) equipped with a DTGS detector; resolution
2 cm−1, NSS=64. The Happ–Genzel apodisation function was used.
3. Results and discussion
3.1. X-ray studies
TheMonensin A acid molecule (MonH) contains several chiral car-
bon atoms (Scheme 1), therefore MonH–H2O, MonH–NaClO4 andTable 5
Interatomic O⋯O distances (Å) deﬁned the hole of the pseudo-cyclic conformation of Monen
Interatomic O⋯O distances (Å) X-ray
MonH–H2O
Ab-initio
MonH
X-ray
MonH–Na
Mol A
O4⋯O7 4.336(3) 4.266 4.502(4)
O4⋯O8 3.547(3) 3.472 4.022(4)
O4⋯O9 3.261(3) 3.244 3.923(4)
O4⋯O11 3.444(3) 3.205 4.018(4)
O6⋯O8 3.839(3) 3.791 4.161(4)
O6⋯O9 5.156(3) 4.987 4.890(4)
O6⋯O10 5.018(3) 5.001 4.835(4)
O6⋯O11 5.018(3) 4.449 3.969(4)
O7⋯O9 4.839(3) 4.764 4.059(4)
O7⋯O11 5.179(3) 4.407 3.652(4)
O7⋯O10 6.237(3) 6.009 5.245(4)
O8⋯O11 4.706(3) 4.196 4.185(4)MonH–NaCl–CH3CN supramolecular complexes crystallise in the
non-centrosymmetric space groups (Table 1).
The molecular structure of MonH–H2O supramolecular host–guest
complex with the labelling scheme is illustrated in Fig. 1. All atoms of
this complex lay in general positions. The great ﬂexibility of the
MonH molecule together with the attractive interactions between
the hydroxyl group O(10) as a donor and the hydroxyl group O(4)
as an acceptor as well as between the carboxyl group O(1) as a
donor and the hydroxyl group O(11) as an acceptor lead to formation
of two intramolecular O\H⋯O hydrogen bonds (Table 4). The above
mentioned feature of the MonH induces its pseudo-cyclic conforma-
tion. A characteristic feature of such a conformation of MonH mole-
cule is the central hole (Table 5), which incorporates the water
molecule as a guest forming the host–guest supramolecular adduct.
The water molecule interacts with the MonH host molecule as a
donor and as an acceptor forming three hydrogen bonds (Table 4).
These host–guest hydrogen bonds together with the intramolecular
O\H⋯O hydrogen bonds stabilise this host–guest supramolecular
structure. The arrangement of MonH–H2O supramolecular adducts
in the crystal is mainly determined by the van der Walls interactions
(Fig. 1S, Supplementary), since there are no intramolecular hydrogen
bonds.
The molecular structures of MonH–NaClO4 and MonH–NaCl–
CH3CN supramolecular complexes with the labelling schemes are il-
lustrated in Figs. 2 and 3, respectively. In both crystals the neutral
Monensin A acid molecule with the ﬂexible skeleton assumes the
pseudo-cyclic conformation, which is stabilised by two intramolecularsin A acid.
Ab-initio MonH–Na+ cation
ClO4 MonH–NaCl–CH3CN
Mol B
4.505(5) 4.609(3) 4.522
3.814(5) 3.832(3) 3.499
3.845(5) 3.630(3) 3.114
3.971(5) 4.033(3) 3.518
4.086(5) 3.893(3) 3.793
4.822(5) 4.739(3) 4.550
4.847(5) 4.922(3) 4.889
3.807(5) 4.035(3) 3.769
4.093(5) 4.164(3) 4.225
3.719(5) 3.772(2) 3.732
5.361(5) 5.511(3) 5.727
4.204(5) 4.191(3) 4.150
Fig. 2. View of the molecular structure of two independent MonH–NaClO4 molecules with the atom labelling. Dashed lines represent hydrogen bonds.
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ever, in this case due to incorporation of Na+ cation in the central hole
and a slightly changed conformation of MonH, the intramolecular
O\H⋯O hydrogen bonds are formed between the carboxyl group (as
a donor and as an acceptor) and the hydroxyl groups, O(10) and
O(11) (Table 4). The Na+ cation is located in the hole of the pseudo-
cyclic neutral Monensin A acid molecule and interacts with electro-
negative oxygen atoms with Na–O distances ranging from 2.346(4)
to 2.512(4) Å and from 2.329(4) to 2.497(4) Å in the crystal of
MonH–NaClO4 for Mol A and Mol B, respectively. The respective
Na–O distances in the crystal of MonH–NaCl–CH3CN range from
2.332(3) to 2.572(2) Å. The incorporation of Na+ cation into thehole of a pseudo-cyclic MonH acid molecule and the interaction
with the electronegative oxygen atoms leads to the co-operative
breaking of the relatively strong intramolecular O(10)\H⋯O(4) and
O(1)\H⋯O(11) hydrogen bonds (as in MonH–H2O complex, Fig. 1)
and formation of two other intramolecular O(1)\H⋯O(10) and O(11)\
H⋯O(2) hydrogen bonds (Figs. 2 and 3). These intramolecular O\H⋯O
hydrogen bonds preserve the pseudo-cyclic conformation of MonH.
Both interactions, i.e. the Na+ with electronegative oxygen atoms and
the intramolecular hydrogen bonds, stabilise the supramolecular struc-
ture of MonH–Na+ cation that exhibits a very similar conformation in
both MonH–NaClO4 and MonH–NaCl–CH3CN crystals (Figs. 3 and 4,
Table 3). The MonH–Na+ supramolecular cation to compensate for
Fig. 3. View of the molecular structure of MonH–NaCl–CH3CN complex with the atom labelling. Dashed lines represent hydrogen bonds.
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crystals, i.e. ClO4− or Cl−, via O\H⋯ClO4−, O\H⋯Cl− hydrogen bonds
(Table 4). The arrangement of the oppositely charged units in the crys-
tals, MonH–Na+ and ClO4− or MonH–Na+ and Cl−, is mainly deter-
mined by the ionic and van der Waals forces, since there are no
intramolecular hydrogen bonds (Figs. 2S and 3S, Supplementary
material). In the MonH–NaCl–CH3CN crystal the acetonitrile molecules
lie between the ionic supramolecular [MonH–Na]+Cl− complex mole-
cules and interact with them via van der Waals forces.
3.2. Theoretical calculations and molecular electrostatic potential
The gas-phase geometries of the neutral Monensin A acidmolecule
and its cationic complex of MonH–Na+ were obtained by ab-initio
fully optimised molecular orbital calculations using the same basis
set function in both cases. The conformation of the free neutral
Monensin A acid molecule (Fig. 4a) is also pseudo-cyclic as observed
in the crystal of MonH–H2O. The results obtained for the MonH–Na+
cationic supramolecular complex are, in general, in good agreement
with those obtained from the X-ray single crystal investigation
(Tables 2 and 3). Thus, the conformation of free acid and its cationic
complex of MonH–Na+ is a consequence of the relatively strong intra-
molecular O\H⋯O hydrogen bonds (Table 6). The central hole in the
neutral MonH cyclic acid molecule is slightly greater than that in the
supramolecular MonH–Na+ cation because of the attractive forces be-
tween the Na+ cation and the electronegative oxygen atoms.
Themolecular electrostatic potential (MESP)maps have emerged as
powerful predictive and interpretative tools in ﬁelds such as chemistry,
rational drug design and intermolecular interactions [41–43]. MESP is
widely used to make a reactivity map displaying the molecular regions
most probable to get the electrophilic attack of reagents and the charge
distribution in the molecules. The three-dimensional MESP maps of
neutral MonH molecule as well as of cationic supramolecular MonH–Na+ complex were obtained on the basis of the DFT optimised results
and are illustrated in Fig. 4a and b, respectively. The MESP maps carry
a wealth of quantitative and qualitative information about the reacting
molecules. The calculated three-dimensional MESP mapped onto the
total electron density surface (0.01 e Å−3) for MonH (Fig. 4a) clearly
shows a nucleophilic region near the oxygen atoms and the electrophil-
ic region near the CH, CH2 and CH3 groups. In addition, the central hole
in the cyclic neutral menensin acid molecule is visible, in MonH mole-
cule it is surrounded by the electronegative oxygen atoms, so the elec-
trostatic potential has a negative value (red colour, Fig. 4a). Therefore,
the interaction of Na+ cation with the neutral MonH molecule leads
to its incorporation into the central hole with the formation of cationic
supramolecular MonH–Na+ complex. The interactions between the
Na+ cation and the electronegative oxygen atoms totally change the
molecular electrostatic potential around the cationic supramolecular
MonH–Na+ complex (Fig. 4b) when compared to that of the neutral
MonH molecule (Fig. 4a). Almost the whole three-dimensional surface
of electrostatic potential around the cationic supramolecular MonH–
Na+ complex has a positive value (blue colour, Fig. 4b).
3.3. FT-IR investigation of the molecular structure of Monensin A
acid monohydrate and its complexes with sodium chloride and
sodium perchlorate in the solid state
The combination of X-ray analysis and FT-IR spectroscopy is a
powerful tool to study hydrogen bonded system and therefore in
this paper a detailed discussion of the FT-IR spectra of Monensin
acid and its complexes in the solid state and in the dichloromethane
solution (hydrophobic solvent similar to the cell membrane) is
presented.
A comparison of the FT-IR spectra of the crystalline Monensin A
acid monohydrate (MonH–H2O) (solid line) and its crystalline 1:1
complexes with sodium perchlorate (MonH–NaClO4) (dashed-dotted
(a) 
(b) 
-0.05eÅ-1 +0.05eÅ-1
Fig. 4. The conformation (left) and the three-dimensional molecular electrostatic potential (right, –0.05 e Å−1, red and +0.05 e Å−1, blue) mapped on the surface of total electron
density (0.01 e Å−3) for MonH (a) and for MonH-Na+ (b).
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(MonH–NaCl–CH3CN) (dashed-dotted line) (Fig. 5) shows differ-
ences between their structures, especially in the formation of hydro-
gen bonds.
According to the crystal structure of the MonH–H2O complex, the
water molecule and almost all hydroxyl groups are involved in differ-
ent hydrogen bonds, as summarised in Table 4. The water molecule
within the hydrate is in central position in the hydrophilic part of
the MonH molecule and plays a proton-donor and proton-acceptor
role. The FT-IR spectrum of MonH–H2O crystals shows two bandsTable 6
Intramolecular hydrogen-bond geometry (Å, °) obtained by the DFT (the labelling of
the atoms — Fig. 4).
D\H⋯A D\H H⋯A D⋯A D\H⋯A
MonH O1\H1O⋯O11 1.055 1.489 2.528 167.2
O10\H10O⋯O4 1.035 1.522 2.537 165.7
MonH–Na+ O1\H1O⋯O10 1.027 1.610 2.611 163.5
O11\H11⋯O2 1.022 1.577 2.592 171.4with maxima at 3530 cm−1 and 3460 cm−1 corresponding to the
asymmetrical and symmetrical stretching vibrations of the weak
hydrogen-bonded water molecule with the oxygen atoms of MonH
molecule. The asymmetric character of these two bands indicates
that the band at 3530 cm–1 is overlapped with another band that
should be assigned to the stretching vibration of non-hydrogen-
bonded OH group. According to crystallographic data this is the
O(4)H group because it is not engaged in any hydrogen bond. The
broad band at maximum ca. 3326 cm−1 and with a shoulder at ca.
3250 cm−1 is assigned to the protonic vibrations of the hydrogen
bonded O(10)–H and O(11)–H groups. The strongest hydrogen bond
formed between the O(1)–H of carboxyl group and the O(11) atom
of the hydroxyl group (D⋯A=2.674 Å and angle D\H⋯A=168°) be-
longs to the middle-strong intramolecular ones and is manifested in
the spectrum of MonH–H2O by a broad and low intense band with a
submaximum at ca. 2628 cm−1.
In the spectrum of the crystalline MonH–H2O complex, one in-
tense band assigned to the ν(C_O) vibrations of carboxyl group of
MonH at 1707 cm−1 with a low intense shoulder at 1735 cm−1 is ob-
served. A possible explanation of the occurrence of the shoulder,
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Fig. 5. The FT-IR spectra of crystals of: (—) MonH–H2O, (– – –) MonH–NaCl–CH3CN
complex and (– • –) MonH–NaClO4 complex recorded in nujol/ﬂuorolube mulls;
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resonance between the ν(C_O) vibration and the overtone of the
rocking vibration of the coordinated water, because it has been exper-
imentally and theoretically demonstrated that the bands assigned to
the rocking vibrations are relatively strong and arise in the range be-
tween 900 cm−1 and about 800 cm−1.
The bending mode δ(H2O) of the water molecules in the solid hy-
drates is mostly observed in the relatively short spectral range from
1590 cm−1 to 1660 cm−1 [44]. As claimed in the literature, the ener-
gies of the H2O bending modes increase with strength of the H-bonds.
Furthermore, the intramolecular angle of the water molecules also
seems relevant as the bond energy increases as the angle decreases.
According to the crystal structure, the protons of the water molecule,
with the typical 104.8° intramolecular angle, are intermolecular
hydrogen-bonded with oxygen atom of one carbonyl group and one
O(7) etheric oxygen atom (Fig. 1). Thus, the band assigned to the
bending vibrations of the water molecule in the spectrum of MonH–
H2O hydrate is present at 1626 cm−1.
The structure of MonH–NaClO4 complex is branched into two
forms characterised by different hydrogen bonds arrangement. For
this reason the number of hydrogen bonds within the crystal struc-
ture strongly increases. Nevertheless in the spectrum of the crystal-
line MonH–NaClO4 complex (Fig. 5b, dashed dotted line) only three
bands in the region of the ν(OH) vibrations arise: at 3485 cm−1,
3330 cm−1 and 3162 cm−1 indicating that nine of hydrogen bonds
existing in the complex (Table 4) can be assigned to the respective
three types of hydrogen bond according to their strength. The parame-
ters of these hydrogen bonds indicate that the strongest one
O(11B)\H⋯O(2B) should be connected with the broadened band with
a maximum at 3162 cm−1. The weakest hydrogen-bonded OH groupscorrespond to the band at 3485 cm−1. This group comprises all hydro-
gen bonds involving the O(4)\H group as a proton donor. The protonic
stretching vibrations of all other hydrogen bonds can be assigned to the
band at 3330 cm−1. The existence of two different hydrogen-bonded
forms in the crystal structure is also demonstrated in the FT-IR spectrum
by two bands at 1707 cm−1 and 1700 cm−1 assigned to the ν(C_O) vi-
brations involved in the O(11A)\H⋯O(2) and O(11B)\H⋯O(2) hydro-
gen bonds, respectively. The interaction of the oxygen atom of the
carbonyl group within the O(11)\H⋯O(2) hydrogen bond is also the
reason for the shift of the band of the ν(C_O) vibrations towards
1700 cm−1.
In the crystal structure of MonH–NaCl complex actually two dif-
ferent types of hydrogen bonds are found. The parameters of these
hydrogen bonds (Table 4) demonstrate that the bonds O(1)\
H⋯O(10) and O(11)\H⋯O(2) are stronger and the bonds O(4)\
H⋯Cl− and O(10)\H⋯Cl− are weaker. In view of the above, the
bands at 3350 cm−1 in the FTIR spectrum of the MonH–NaCl com-
plex should be assigned to the stretching protonic vibrations with-
in the O(4)\H⋯Cl− and O(10)\H⋯Cl− intermolecular hydrogen
bonds, whereas the broadened bands with maxima at 3068 cm−1
and 3190 cm−1 should be assigned to the respective vibrations
within the intramolecular O(1)\H⋯O(10) and O(11)\H⋯O(2)
hydrogen bonds.
3.4. Spectroscopic investigation of the molecular structure of Monensin A
acid monohydrate and its complexes with sodium chloride and sodium
perchlorate in dichloromethane solution
Detailed spectroscopic investigation (FT-IR, 1H and 13C NMR) of
the Monensin acid and its complexes with NaCl and NaClO4 should
provide answers to the following questions important from the bio-
chemical point of view. What are the differences in the structures of
MonH and its MonH–NaCl and MonH–NaClO4 complexes in solution
and in the crystals? What is the real structure of these compounds
in solution? Can the anions inﬂuence the Monensin acid complex
structures with sodium cation?
The 1H and 13C NMR data of Monensin acid monohydrate MonH–
H2O and its complexes with sodium chloride (MonH–NaCl) and sodi-
um perchlorate (MonH–NaClO4), all in CD2Cl2 are shown in Tables 7
and 8, respectively. The 1H and 13C NMR signals were assigned
using one- and two-dimensional (COSY, HETCOR, HMBC and
NOESY) spectra. The exemplary NMR spectra of the compounds stud-
ied are given in Fig. 6 and two-dimensional correlation NMR spectra
are included in the supplementary material (Figs. S4–S6).
In the spectrum of MonH–H2O the broad signal at ca. 6.0 ppm is
assigned to the protons of the O(10)H and O(11)H hydroxyl groups
and O(1)H of carboxyl group and the water molecule. The position
of these overlapped signals shows that the water molecule is hydro-
gen bonded in the hydrophilic cavity of MonH and that the O(10)H
and O(11)H hydroxyl groups are engaged in the hydrogen bonds of
comparable strength. The signal of the proton of O(4)H is observed
at 4.48 ppm indicating that this proton is not involved in the hydro-
gen bond. This observation is also conﬁrmed by the NOESY spectrum.
In the spectra of MonH–NaCl and MonH–NaClO4 complexes the
signal of water protons present in the spectrum of Monensin acid
monohydrate is no longer observed showing that the sodium cation
has replaced the water molecule in the hydrophilic cavity of
Monensin acid molecule. In the 1H NMR spectra of both complexes,
the signals of hydroxyl group are shifted in different directions
depending on the salts used as a source of sodium cation, clearly re-
vealing the inﬂuence of anions on the hydrogen bond formation with-
in the complex structure (Fig. 6).
As a result of complexation, the most signiﬁcant shifts of the pro-
ton signals are observed for O(10)H protons and O(4)H in the spectra
of MonH–NaCl complex. These signals are shifted by 2.08 and
1.79 ppm towards higher ppm values, respectively. The shifts of
Table 7
Assignments of 1H NMR signals in the spectra of MonH–H2O, MonH–NaCl and MonH–NaClO4 in CD2Cl2.
Position Chemical shifts (δ [ppm]), multiplicity and J-couplings (J [Hz])a Δ1 (ppm) Δ2 (ppm)
MonH–H2O (1:1) MonH–NaCl (1:1) MonH–NaClO4 (1:1)
C2 (CH) 2.56 (qd, J=10.3, 6.7) 2.54 (qd, J=10.2, 6.7) 2.58 (qd, J=10.1, 6.7) −0.02 0.02
C3 (CH) 3.19 (dd, J=10.2, 1.9) 3.25 (d, J=9.7) 3.24 (dd, J=10.1, 1.8) 0.06 0.05
C4 (CH) 2.13 2.12 2.13 −0.01 0.00
C5 (CH) 3.88 (dd, J=10.4, 2.4) 3.76 (d, J=11.1) 3.73 (dd, J=11.5, 1.9) −0.12 −0.15
C6 (CH) 1.98 2.06 2.05 0.08 0.07
C7 (CH) 3.79 (dd, J=7.4, 2.5) 3.95 (td, J=6.8, 3.5) 4.01 (dd, J=6.2, 3.3) 0.16 0.22
C8 (CH2) 1.67 (dd, J=12.1, 1.4);
1.99 (dd, J=14.1, 3.3)
1.45;
2.04
1.55;
2.02
−0.22
0.05
−0.12
0.03
C10 (CH2) 1.64;
1.93
1.74;
1.96
1.75;
1.97
0.10; 0.03 0.11; 0.04
C11 (CH2) 1.71 (dd, J=12.1, 9.6);
1.87 (dd, J=11.9, 8.3)
1.76;
1.95
1.75;
1.95
0.05;
0.08
0.04;
0.08
C13 (CH) 3.45 (dd, J=10.9, 4.4) 3.52 (dd, J=10.5, 5.3) 3.53 (dd, J=10.4, 5.2) 0.07 0.08
C14 (CH2) 1.56;
1.64
1.52 (dt, J=11.6, 2.8),
1.81 (ddd, J=11.7, 9.1, 2.9)
1.50;
1.82
−0.04;
0.17
−0.06;
0.18
C15 (CH2) 1.42;
2.22
1.42;
2.30
1.45;
2.30
0.00;
0.08
0.03;
0.08
C17 (CH) 4.00 (d, J=4.0) 4.00 (d, J=3.3) 3.98 (d, J=3.5) 0.00 −0.02
C18 (CH) 2.23 2.26 (ddt, J=13.2, 11.2, 4.4) 2.28 0.03 0.05
C19 (CH2) 1.41 (dd, J=11.7, 5.7); 2.16 (dd, J=11.2, 6.1) 1.57 (dd, J=12.0, 7.3); 2.17 (dd, J=11.6, 6.6) 1.60;
2.15
0.16;
0.01
0.19;
−0.01
C20 (CH) 4.32 (ddd, J=10.62, 5.64, 2.76) 4.46 (ddd, J=9.75, 7.41, 4.07) 4.48 (ddd, J=9.6, 7.2, 4.3) 0.14 0.16
C21 (CH) 4.02 (dd, J=11.6, 1.9) 4.15 (dd, J=9.6, 3.4) 3.78 (dd, J=9.3, 3.7) 0.13 −0.24
C22 (CH) 1.30 (ddt, J=10.8, 6.6, 4.5) 1.45 1.50 0.15 0.20
C23 (CH2) 1.37;
1.43
1.65;
1.96
1.70;
1.97
0.28;
0.53
0.33;
0.54
C24 (CH) 1.47 1.62 1.70 0.15 0.23
C26 (CH2) 3.62 (d, J=11.2);
3.44 (d, J=11.1)
3.35 (d, J=10.0);
3.84 (d, J=11.3)
3.45 (d, J=11.8);
3.90 (d, J=11.8)
−0.27;
0.40
−0.17;
0.46
C27 (CH3) 0.84 (d, J=2.9) 0.90 0.89 0.06 0.05
C28 (CH3) 0.85 (d, J=3.0) 0.89 0.89 0.04 0.04
C29 (CH3) 0.92 (d, J=7.0) 0.88 0.89 −0.04 −0.03
C30 (CH2) 1.56 (dd, J=7.2, 2.9) 1.43;
1.67
1.43;
1.67
−0.13
0.11
−0.13;
0.11
C31 (CH3) 0.95 (t, J=7.4) 0.91 0.92 −0.04 −0.03
C32 (CH3) 1.45 (s) 1.43 (s) 1.42 −0.02 −0.03
C33 (CH3) 0.89 (d, J=7.2) 0.92 0.93 (d, J=7.1) 0.03 0.04
C34 (CH3) 1.06 (d, J=6.9) 1.05 (d, J=6.8) 1.06 (d, J=6.9) −0.01 0.00
C35 (CH3) 3.36 (s) 3.37 (s) 3.39 (s) 0.01 0.03
C36 (CH3) 1.24 (d, J=6.7) 1.32 (d, J=6.7) 1.33 (d, J=6.7) – –
1O (OH) 5.5–6.5b 11.17 (s) 10.0–10.7 (very broad) 0.08 0.09
4O (OH) 4.48 (d, J=8.6) 6.27 (d, J=0.7) 3.95 (dd, J=3.9, 1.7) 1.79 −0.53
10O (OH) 6.09 (s) 8.17 (s) 5.80 (broad) 2.08 −0.29
11O (OH) 5.5–6.5b 5.64 (dd, J=5.9, 5.2) 5.80 (broad) – –
Δ1=δ(MonH–NaCl)−δ(MonH–H2O) and Δ2=δ(MonH–NaClO4)−δ(MonH–H2O).
a Multiplicity and J-couplings are given in the brackets (for overlapping signals these parameters are not included).
b Very broad signal assigned to hydrogen bonded O(1)H, O(11)H groups and H2O molecule.
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in the slightly stronger hydrogen bonds than those of MonH–H2O
molecule.
In contrast, in the spectrum of the MonH–NaClO4 complex, the
signals of the O(10)H, O(11)H and a especially of O(4)H protons are
shifted towards lower ppm values indicating that the hydrogen
bonds in which the protons of O(10)H, O(11)H hydroxyl groups
take part, are slightly weaker and in the case of O(4)H more weaker
in comparison with those observed in spectrum of MonH–H2O
(Table 7, Fig. 6). This observation proves that depending on the kind
of anion (chloride or perchlorate), the respective hydroxyl groups
form intramolecular and intermolecular hydrogen bonds with the an-
ions of different strength and therefore the complexes should exhibit
slightly different structures.
A comparison of the 13C NMR chemical shifts in the spectra of the
complexes with those observed in the spectrum of MonH–H2O
(Table 8) suggests that the involvement of the oxygen atoms in the cat-
ion coordination evokes some conformational changes. The interactions
between donate electron pairs of the oxygen atoms of the Monensin
acid molecule and Na+ cation in MonH–NaCl complex are clearly
indicated in the 13C NMR spectra by the shifts of the signals of theC(12), C(13), C(16), C(17), C(20), C(21), C(26) and C(26) carbon
atoms (Table 8), i.e. the C-atoms neighbouring the oxygen atoms coor-
dinating sodium cation. The same applies to the chemical shifts of
these signals in the spectrum of MonH-NaClO4 complex although all
the chemical shift changes are signiﬁcantly lower (Table 7). These re-
sults demonstrate that the interactions of MonH with Na+ cation in
MonH–NaClO4 are clearly weaker than in MonH–NaCl. Thus, the inﬂu-
ence of the anion on the formation of the complexwith a sodium cation
is alsowell demonstrated by a comparison of 1HNMR and 13CNMRdata
of the complexes.
A comparison of the FT-IR spectra of Monensin A acid monohydrate
(MonH–H2O) (solid line), its 1:1 complexes with sodium perchlorate
(MonH–NaClO4) (dashed-dotted line) and its 1:1 complexes with sodi-
um chloride (MonH–NaCl) (dashed line) (Fig. 7) reveals differences be-
tween these structures, especially in the formation of hydrogen bonds.
As follows from this comparison the hydrogen bonds present in two
Monensin acid complexes are different; therefore the inﬂuence of the
anion on the hydrogen bond formation in theMonensin acid complexes
in dichloromethane solution is clearly evidenced.
The crystal structures of the MonH–NaCl and MonH–NaClO4 com-
plexes are slightly different as was discussed above. A comparison of
Table 8
Assignments of 13C NMR signals in the spectra of MonH–H2O, MonH–NaCl and MonH–
NaClO4 in CD2Cl2.
Position δ (ppm) Δ1
(ppm)
Δ2
(ppm)
MonH–H2O
(1:1)
MonH–NaCl
(1:1)
MonH–NaClO4
(1:1)
C1 (C) 177.4 179.2 179.2 1.8 1.8
C2 (CH) 42.2 43.3 43.0 1.1 0.8
C3 (CH) 81.9 81.5 81.3 −0.4 −0.6
C4 (CH) 37.1 37.5 37.3 0.4 0.2
C5 (CH) 67.3 68.1 68.0 0.8 0.7
C6 (CH) 35.0 35.4 35.0 0.4 0.0
C7 (CH) 71.4 69.2 70.4 −2.2 −1.0
C8 (CH2) 34.4 34.6 34.6 0.2 0.2
C9 (C) 108.2 107.8 107.6 −0.4 −0.6
C10 (CH2) 38.7 39.6 39.5 0.9 0.8
C11 (CH2) 34.1 33.5 33.7 −0.6 −0.4
C12 (C) 85.6 85.8 85.9 0.2 0.3
C13 (CH) 83.8 81.9 81.8 −1.9 −2.0
C14 (CH2) 28.1 27.2 27.5 −0.9 −0.6
C15 (CH2) 31.8 30.3 31.7 −1.5 −0.1
C16 (C) 86.6 86.0 86.0 −0.6 −0.6
C17 (CH) 85.5 84.4 84.7 −1.1 −0.8
C18 (CH) 35.1 34.8 34.9 −0.3 −0.2
C19 (CH2) 32.9 33.5 34.1 0.6 1.2
C20 (CH) 77.4 76.3 76.3 −1.1 −1.1
C21 (CH) 74.4 75.2 75.1 0.8 0.7
C22 (CH) 33.1 31.9 33.4 −1.2 0.3
C23 (CH2) 37.1 34.1 33.7 −3.0 −3.4
C24 (CH) 36.0 35.6 35.4 −0.4 −0.6
C25 (C) 97.3 99.7 99.4 2.4 2.1
C26 (CH2) 68.3 66.3 66.5 −2.0 −1.8
C27 (CH3) 16.5 16.2 15.8 −0.3 −0.7
C28 (CH3) 17.7 16.4 15.8 −1.3 −1.9
C29 (CH3) 15.9 14.7 14.5 −1.2 −1.4
C30 (CH2) 31.4 30.1 30.3 −1.3 −1.1
C31 (CH3) 8.7 8.0 7.9 −0.7 −0.8
C32 (CH3) 27.9 27.5 30.0 −0.4 2.1
C33 (CH3) 10.6 10.7 10.5 0.1 −0.1
C34 (CH3) 10.9 10.9 10.8 0.0 −0.1
C35 (CH3) 58.2 58.3 58.2 0.1 0.0
C36 (CH3) 15.9 15.8 16.0 −0.1 0.1
Δ1=δ(MonH–NaCl)−δ(MonH–H2O) and Δ2=δ(MonH–NaClO4)−δ(MonH–H2O).
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Fig. 7. The FT-IR spectra of the CH2Cl2 solution of: (—) MonH, (– – –) MonH–NaCl com-
plex and (– • –) MonH–NaClO4 complex; (a) 4000–400 cm−1; (b) 3700–2300 cm−1;
(b) 1800–1500 cm−1.
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those in solution can be performed on the basis of the FT-IR spectra
recorded in solid and solution. If the FT-IR spectrum recorded in solu-
tion is similar to that of the crystalline compound then the structure
of the compound in solid is also conserved in solution. For visual com-
parison, the FT-IR spectra of the crystalline MonH–H2O, MonH–
NaClO4 and MonH–NaCl in nujol/ﬂuorolube mulls and their FT-IR
spectra in CH2Cl2 are presented in the supplementary material as
Fig. S7, Fig. S8 and Fig. S9, respectively. Comparison of these spectraFig. 6. The 1H NMR spectra in the region of the hydroxyl group proton signals of:
(a) MonH–H2O, (b) MonH–NaCl, (c) MonH–NaClO4 in CD2Cl2.helps understand the observed spectral features. A comparison of
the FT-IR spectra of MonH–H2O in the crystal and in dichloromethane
solution reveals only small changes in the shape of the band complex
in the region of ν(O–H) stretching vibration (Fig. S4) indicating that
all the intramolecular hydrogen bonds observed in the solid state
structure are conserved also in the solution. The same conclusion
can be drawn from a comparison of the FT-IR spectra of crystalline
MonH–NaClO4 and its solution (Fig. S8).
The strength of the electrostatic interaction in solution, despite the
solvation of host and guest, inﬂuences the binding to an artiﬁcial re-
ceptor. Strongly coordinating counterions and strong hydrogen bond
acceptor such as chloride anion generally lead to weaker binding
constants upon recognition of the associated cation as compared to
large, soft and weakly coordinating counterions such as perchlorate
(tetraﬂuoroborate, hexaﬂuorophosphate or iodide) are employed. In
MonH–NaCl complex the intermolecular hydrogen bonds between
chloride anion and hydroxyl group of Monensin acid are still present
in dichloromethane solution. Because of the interaction between
Monensin acid and chlorine anion, the hydrogen bonds formed within
the MonH–NaCl complex structure are stronger than those formed in
MonH–NaClO4 complex or in MonH–H2O, which is well illustrated by
their and 1H NMR (Fig. 6) FT-IR (Fig. 7) spectra.
The FR-IR spectra of the complexes indicate that these complexes
are water-free and that the hydrogen bonded water molecule in the
MonH–H2O complex is replaced by sodium cation within the struc-
ture of the complexes.
It should be expected that in water solutions the interactions of
the MonH–Na+ complexes with counterions disappear and therefore
the molecular structures of the MonH–Na+ complexes should be very
similar to that of ab initio calculated MonH–Na+ cationic complex
presented and discussed above (Tables 3, 5, 6 and Fig. 4b).
2119A. Huczyński et al. / Biochimica et Biophysica Acta 1818 (2012) 2108–21194. Conclusion
Monensin acid and its complexes are very goodmodels for the study
of the electrogenic transport of sodium cations through themembranes.
Complexes of Monensin acid with H2O, NaCl and NaClO4 were obtained
and their structures studied by X-raymethod indicated the formation of
pseudo-cyclic ring structure in the centre ofwhich thewatermolecule is
hydrogen bonded or sodium cation is coordinated by six oxygen atoms.
This pseudo-cyclic structure of the Monensin acid molecule is also con-
served in the hydrophobic environment like in a dichloromethane solu-
tion. It is demonstrated that in solid state and in solution the strength of
the intermolecular hydrogen bonds within the pseudo-cyclic structure
is inﬂuenced by the Cl− and ClO4− counterions forming intermolecular
hydrogen bond with the hydroxyl group of Monensin acid.
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